Blades are the core components of horizontal axis tidal turbines, and their effi ciency has an im-
INTRODUCTION
Horizontal axis tidal turbines are widely applied for extracting the tidal current energy due to its stable operation, good stability, and high effi ciency (Chen et al., 2018) . Blades are the core components of horizontal axis tidal turbines (Chen et al., 2013) . At present, they are mostly designed using the same method as for wind turbine blades, and many scholars have carried out a lot of researches. Noruzi et al. (2015) based their research on BEMT (Blade Element Momentum Theory) to design the initial modal of horizontal axis tidal turbines and proposed a better confi guration by changing some parameters in rotor design. Zhu et al. (2014) analyzed the characteristics of surface tidal current energy of China and use the BEMT mathematical model to design a 2.5-kW horizontal axis tidal current energy turbine generator blade. Kim et al. (2017) developed a 50-W-class horizontal axis tidal current turbine whose blades design is carried out using two different hydrofoils: MNU26 and NACA63421. The blades' performance is investigated by CFD and experimental methods (Kim et al., 2017) . Zhang et al. (2017) developed a new airfoil combined with the lower edge of the shark caudal fi n and the upper edge of NACA airfoil, and the Wilson theory is applied for the airfoil blade optimization. Yang and Hoang (2014) investigated the performance of turbine blades which are designed using NREL S814 hydrofoil. ANSYS FLUENT is applied for mimic rotating turbine to compare between the results of the traditional BEMT analytical method and numerical simulations. The results show that the power and axial thrust force from the BEMT is slightly less than the simulation result (Liu et al., 2017) . A 1/5th scale horizontal axis tidal current turbine is designed based on the traditional method, and its hydrodynamic performance is predicted in a numerical model by Liu et al. (2016) . The literature mentioned above has actively infl uenced the blade design and performance improving the horizontal current axial turbine. However, there exists a considerable difference in the density and viscosity of the working environment between the wind turbine and tidal turbine, which may degrade the properties of the tidal turbines to a certain extent.
On the other hand, the bionic blade has become a research hotspot in recent years. The Key Laboratory of Bionic Engineering, Ministry of Education of China had conducted bionic optimization studies of blades of small axial fan based on the geometric feature of wings extracted from long-eared owl. The result showed that the method can improve the aerodynamic performance of the fan (Chen et al., 2012; Tian et al., 2017) . The micro turbine blades imitating horsefl y wings were established by Sudo et al. (2008) , and its effi ciency was three times the artifi cial blades. These researches bring an innovative inspiration to the design of tidal turbine blades. 
NOMENCLATURE

DIGITAL MODEL OF BIONIC SHARK FIN BLADES
After many years of natural evolution, shark's biological structure and movement pattern are extremely suitable for underwater survival, enable sharks possess extraordinary underwater movement performance. Biology research shows that the swimming ability of shark mainly profi ts from the performance of its caudal and pectoral fi ns (Lauder and Drucker, 2004) . In this paper, the bionic blade models were established based on pectoral and caudal fi ns of carcharhinus menisorrah to take advantage of its good hydrodynamic performance. The 3D digital models of shark pectoral and caudal fi ns were originated from the shark specimen as shown in Fig. 1 . Marking points were pasted on the surface of pectoral and caudal fi ns to meet the scanner identifi cation requirement of that any three markers should be an irregular triangle, as shown in Fig. 2 . The reverse engineering software was employed for cloud data processing and transforming 3D scanning data into surface digital model, the 3D models of pectoral fi n and caudal fi n were as shown in Figs. 3 and 4, respectively.
DESIGN OF BIONIC TURBINE BLADES BASED ON SHARK FINS
The design process of profi ling blades consists of both the fi nding of the hydrodynamic performance parameters and operation parameters.
Hydrodynamic Performance Parameters
The primary parameters involving the hydrodynamic performance of turbine are tip/ speed ratio λ, p ower effi ciency coeffi cient C P , a xial force coeffi cient C F , and the torque coeffi cient C T . They are introduced as below. (1) The tip/speed ratio λ is the ratio of the rotation speed of the blade tip and th e fl ow rate; it is expressed as
where ω is the angular velocity of the hydraulic turbine, R is the radius of the blade, and V is the fl ow rate at the blade tip. 2) The power effi ciency coeffi cient C P is the effi ciency of the turbine to obtain energy from ocean currents, which is the most important parameter to evaluate the performance of the hydraulic turbine. It is expressed as 3 2 1 2
where P is the turbine power and ρ is the seawater density. (3) The axia l force coeffi cient C F refl ects the axial force imposed by the fl ow when the horizontal axis turbine is operating, it is expressed as 2 2 1 2
wher e F is the axial force imposed on the turbine by the fl ow. (4) The torque coeffi cient C T re fl ects the torq ue imposed by the fl ow when the horizontal axis turbine is operating, it is expressed as 2 3 1 2
where T is the torque imposed on the turbine by the fl ow.
O peration Parameters of the Hydraulic Turbine
This paper is aimed at the design of bionic turbine model, with the relevant parameters determined according to Wang et al. (2014) . According to the low-velocity and changeable tidal currents in China, the design fl ow velocity of the bionic turbine model was selected as 0.8 m/s. On the basis of the design experiences, the water turbine effi ciency is 0.7, the transmission effi ciency is 0.8, and the Bates limit of the ideal hydraulic turbine is 0.593. Therefore, the power effi ciency coeffi cient of the device is C P = 0.593 × 0.7 × 0.8 = 0.332. Besides, according to the structure of the existing turbine in the authors' laboratory, the impeller diameter value is determined to be 0.3 m. When the number of blades increased to more than 3, it has little effect on the effi ciency, furthermore, the turbine weight and manufacturing costs increase. Therefore, the number of blades B is determined to be 3. Then, the power of the turbine model can be calculated by the following expression:
The value of P is 6.0 W. In summary, the design specifi cations of the bionic turbine model are shown in Table 1 . 
NUMERICAL SIMULATION OF TURBINE BIONIC BLADE
The variati on of pitch angle will change the turbine power effi ciency (Rezaeiha et al., 2017) . By the method of numerical simulation, most suitable position of a blade on the hub in the installation was obtained, so as to improve the turbine power effi ciency. In this paper, the CFD software ANSYS W orkbench is used for numerical simulation, whose process generally includes some steps.
(1) Mesh plot In this paper, the calculation domain of the bionic blade is established. The grid's step size is 5; the unit is Tri and the type is Pave. The rotation fi eld's mesh is refi ned, whose source plane is the turbine surface mesh. The rotation fi eld's starting mesh size is 5; the growth rate is 1.15 and the maximum step size is 30. The grid unit is Tet/ Hybrid; the type is Tgrid and the step size is default. The number of rotation fi eld's meshes is 596,689. The meshes are generated as shown in Fig. 5 .
(2) Boundary conditions In this paper, the incompressible fl uid is studied, and the fl ow velocity is assigned. The velocity boundary condition is defi ned as velocity inlet (Velocity) and due to variable, export is free fl ow (Outfl ow) boundary. The blades are set to solid wall (Wall) boundary, which rotate with the rotating region.
(3) It is assumed that the fl uid fl ow is three-dimensional and incompressible, therefore the RNG k-ε turbulence model was selected. Boundary conditions are set as follows: velocity inlet, free fl ow outlet. Water fl ows along the axis of water turbine. The multiple reference frame (MRF) model was applied to rotating fl uid of turbine, different rotational speeds were set for iterative calculation.
(4) Numerical analysis was performed by the simulation software ANSYS Workbench; turbine velocity is set to the rated speed 0.8 m/s and blade pitch angle ranges from 90 o to 180 o with 10 o as a change step. Simulation was conducted at different turbine rotational speeds, i.e., the infl uence of the tip/speed ratio on the power of the turbine, and the graphs of blade power are shown as follows. The diagrams in Figs. 6 and 7 represent the relationship between power and rotational speed at different pitch angles of bionic blade based on the pectoral and caudal fi ns. As shown in Fig. 6 , in the range of pitch angles from 90 o to 170 o , the maximum power of pectoral fi n blade has a positive correlation with pitch angle, the corresponding optimal speed increasing with the pitch angle. When the pitch angle is 170 o , the obtained energy of pectoral fi n blade reached the maximum value 0.73 W. From then on, power starts to drop along with the growth of the pitch angle. Similarly, as is seen from Fig. 7 , in the range of pitch angle from 90 o to 170 o , the maximum power of bionic caudal fi n blade also has a positive correlation with the pitch angle, the corresponding optimal speed increases with the pitch angle. Then the power decreased when pitch angle continue increasing. When the pitch angle is 170 o , the obtained energy of caudal fi n blade reaches a maximum value 1.81 W. In conclusion, the optimal pitch angle of pectoral and caudal fi n blades is 170 o , thereby the geometric model of bionic turbine can be established accordingly.
COMPARATIVE ANALYSIS OF HYDRODYNAMIC PERFORMANCE BETWEEN THE CONVENTIONAL AND BIONIC BLADES
Bionic turbines were established as shown in Fig. 8 according to Table 1 and optimum pitch angle. In order to illustrate the hydrodynamic performance of the bionic turbine, the conventional turbine developed by the authors' research team was adopted as a comparative standard, so as to contrast the hydrodynamic performance between different designs of the turbine. The conventional blade was designed based on NACA63-8XX airfoil, which was calculated on the basis of the blade element momentum theory, the fi nal turbine impeller was developed as shown in Fig. 9 . When the pitch angle of the impeller is 5 o , the energy-harvesting coeffi cient reached a maximum value of 0.35, showing excellent energy effi ciency coeffi cient and hydrodynamic performance. Comparative analysis of hydrodynamic performance was conducted between bionic turbine and the standard one under design conditions, so as to investigate the variation pattern of bionic turbine's performance in different ranges of tip/speed ratio, as well as the performance differences compared with the standard turbine. The power effi ciency coeffi cient C P , the axial force coeffi cient C F , and the torque coeffi cient C T are the study parameters of hydrodynamic performance research, also key factors of turbine hydrodynamic performance; C P directly determines the tidal current energy utilization of turbine and the size of power; C F has an important impact on supporting structure and structure design of turbine blade. When the axial force gets larger, the knowledge of the supporting structure and blade strength becomes important, and the manufacturing cost gets higher; C T plays a signifi cant role in the startup of turbine and the choice of generator. It is easy to start the turbine which will generate more electric power with a high torque coeffi cient; otherwise, it is diffi cult to start the turbine because there will be less electric energy generated by the turbine. Therefore, by means of numerical analysis and comparison of the three coeffi cients one can see the differences in the hydrodynamic performance between the bionic turbine and conventional turbine.
Comparison of C P
The relationship between the power effi ciency coeffi cient and tip/speed ratio of the bionic turbine based on pectoral and caudal fi ns is shown in Fig. 10 .
As shown in Fig. 10 , when the tip/speed ratio is less than 3.5, the power effi ciency coeffi cient of the bionic turbine is higher than that of the standard turbine. The power effi ciency coeffi cient of the bionic pectoral turbine reaches the maximum value 0.28 when the tip/speed ratio is 2.9, i.e., is 21.7% higher than that of the standard turbine which is 0.23 under the same operation conditions. When the tip/speed ratio is 3.3, the power effi ciency coeffi cient of the bionic caudal turbine reaches a maximum value of 0.29, exceeding by 7.4% that of the standard turbine which is 0.27 turbine under
FIG. 10:
The relationship between the power effi ciency coeffi cient and tip/speed ratio of the bionic and standard turbines at a pitch angle of 170 o the same working condition. However, when the tip/speed ratio exceeds the value 3.5, the power effi ciency coeffi cient of the bionic turbine becomes lower than that of the standard turbine. Compared with the standard blade, the main reason is that the bionic blade confi guration is thinner, which results in the decrease of resistance. The energy loss caused by the rise of water is reduced, the speed of the fl ow on the blade surface increases, and then the same does the effi ciency. However, as the tip/speed ratio increases to more than 3.5, the instability of fl ow past the bionic blade is more signifi cant and causes more losses, and then the effi ciency decreases. Therefore, in the range where the tip/speed ratio is less than 3.5, the power effi ciency coeffi cient of the bionic turbine is higher than that of the standard turbine. Besides, the power effi ciency coeffi cient of the bionic pectoral turbine is higher than that of the caudal fi n one.
Comparison of C F
The relationship between the axial force coeffi cient and tip/speed ratio of the bionic turbine based on the pectoral and caudal fi ns is given in Fig. 11 .
As we can see from Fig. 11 , the bionic turbine based on the pectoral and caudal fi ns both approximately reached a maximum value of 2.5. However, along with the growth of the tip/speed ratio, the force coeffi cient decreased at a high speed. The force coeffi cient of the bionic turbine is lower than that of the standard turbine when the tip/speed ratio exceeds 3.5 for the pectoral turbine and 5.2 for the caudal turbine. Therefore, in the low range of tip/speed ratio, the axial force coeffi cient of the bionic turbine is higher than that of the standard turbine; the range of high tip/speed ratio and the axial force coeffi cient of the bionic turbine are signifi cantly lower than those of the standard one. Therefore, the differences in the tip/speed ratios will affect the
FIG. 11:
The relationship between the force coeffi cient and tip/speed ratio of the bionic and standard turbines at a pitch angle of 170 o axial force of the bionic turbine, which leads to the different installation structure strength.
Comparison of C T
The relationship between the torque coeffi cient and tip/speed ratio of the bionic turbine based on the pectoral and caudal fi ns is presented in Fig. 12 .
The torque coeffi cient determines the starting performance of the turbine. It is easy to start a turbine with a high torque coeffi cient. As shown in Fig. 12 , at a fl ow rate of 0.8 m/s, in different ranges of the tip/speed ratio, the torque coeffi cient of the bionic turbine fi rst increases along with the tip/speed ratio, the pectoral fi n turbine reaches a maximum value of 0.12 when the tip/speed ratio is 2.5. Similarly, the caudal fi n turbine reached a maximum value of 0.09 when the tip/speed ratio is 2. Therefore, the torque coeffi cient of both bionic turbines is below the standard one, which indicates that bionic turbines generate less torque at the rated fl ow velocity.
CONCLUSIONS
In this paper, from the perspective of bionics, an excellent airfoil of shark fi n is applied to the designed turbine blade by the reverse engineering method in order to improve the power effi ciency of turbine. The three-dimensional digital models of shark fi ns were established through 3D scanning technology, and a numerical analysis was performed to acquire the values of optimal pitch angle. The solution shows that when the pitch angle is 170 o , the obtained energy of both the pectoral fi n blade and caudal fi n blade reach a maximum value of 0.73 W and 1.81 W, respectively. On the basis
FIG. 12:
The relationship between the torque coeffi cient and tip/speed ratio of the bionic and standard turbines at a pitch angle of 170 o of this, the design specifi cations of the bionic turbine model are obtained and a comparative analysis of hydrodynamic performance was conducted between the bionic turbine and standard one under design conditions in different ranges of the tip/speed ratio. It is revealed that when the tip/speed ratio is low, the power effi ciency of the bionic blade turbine is better than that of the conventional blade turbine, with larger axial force coeffi cient, and also the large installing structural strength is needed, while in the range of a high tip/speed ratio, the capacitation effi ciency of the bionic blade turbine is lower than that of the conventional blade turbine.
